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Introduction

Protein-based therapeutics have demonstrated increased clini-
cal importance during recent years because of their excellent
properties such as high selectivity and potency. The high spe-
cificity tends to result in lower risk of severe side effects and
thus faster clinical development and approval times compared
to low-molecular-weight drugs.[1–3] However, protein and pep-
tide therapeutics have a few shortcomings, such as high pro-
duction cost and risk of immune response.[4] Another drawback
is the need for injection or infusion for administration, and
considerable effort has been directed to the development of
orally available therapeutic peptides and proteins.

The first important degradation step to overcome is associ-
ated with the low pH and the digestive enzyme pepsin in the
stomach. Later, in the duodenum, the drug is challenged by
additional proteases, including trypsin and chymotrypsin
found in pancreatin (the fluid secreted by the pancreas).[5–7]

Avoidance of degradation by these three enzymes and toler-
ance to low pH are important for an orally available protein-
based drug.

A second obstacle is poor absorption in the intestine, as pro-
teins generally have hydrodynamic radii that are too large to
pass through the tight junctions. However, with the use of
different formulations and additives, the uptake of small- to

medium-sized proteins such as insulin (5 kDa) has been report-
ed.[5, 6, 8, 9] Other possible administration routes are pulmonary
and nasal delivery.[10, 11]

Small, robust proteins can potentially be engineered to with-
stand the rough conditions of the gastrointestinal tract and to
be small enough to be absorbed into the bloodstream. Natu-
rally occurring stable proteins such as cyclotides and cysteine
knot mini-proteins have been carefully studied and engi-
neered, and show very promising results for oral administra-
tion.[12–17] A common characteristic of these is intramolecular
crosslinking, a feature also found in the peptide hormones oxy-
tocin and somatostatin.[18, 19] Cyclic structures tend to be more
stable toward proteolytic degradation compared to their linear
counterparts because of the absence of free N and C termini
(susceptible to exoproteases) and the reduced access of endo-
proteases to proteolytic sites in the conformationally rigid
structures.

Stabilization by the introduction of thioether bridges has
also shown promising results for peptides lacking a cyclic back-
bone or intramolecular crosslinks.[20, 21] As the thioether bond is
resistant to reduction and thiol–disulfide exchange, this type
of bridge can be expected to yield peptides and proteins with
higher in vivo stability compared to the disulfide-linked var-
iants.[22] Thioether crosslinks are generally more difficult to in-
troduce into proteins than into short peptides, but incorpora-
tion can be achieved by enzymatic modification or chemical
strategies such as alkylation of cysteine residues by crosslink-
ing agents.[23–25] However, for small (<80 aa) proteins, produc-

Protein-based pharmaceuticals typically display high selectivity
and low toxicity, but are also characterized by low oral availa-
bility, mainly because of enzymatic degradation in the gastro-
intestinal tract and poor permeability across the intestinal wall.
One way to increase the proteolytic stability of peptides and
proteins is by intramolecular crosslinking, such as the introduc-
tion of disulfide bridges. However, disulfide bridges are at risk
of thiol-disulfide exchange or reduction during production,
purification, and/or therapeutic use, whereas thioether bridges
are expected to be stable under the same conditions. In this
study, thioether crosslinking was investigated for a 46 aa albu-
min-binding domain (ABD) derived from streptococcal protein
G. ABD binds with high affinity to human serum albumin (HSA)
and has been proposed as a fusion partner to increase the in
vivo half-lives of therapeutic proteins. In the study, five ABD

variants with single or double intramolecular thioether bridges
were designed and synthesized. The binding affinity, secondary
structure, and thermal stability of each protein was investigat-
ed by SPR-based biosensor analysis and CD spectroscopy. The
proteolytic stability in the presence of the major intestinal pro-
teases pepsin (found in the stomach) and trypsin in combina-
tion with chymotrypsin (found in pancreatin secreted to the
duodenum by the pancreas) was also investigated. The most
promising crosslinked variant, ABD_CL1, showed high thermal
stability, retained high affinity in binding to HSA, and showed
dramatically increased stability in the presence of pepsin and
trypsin/chymotrypsin, compared to the ABD reference protein.
This suggests that the intramolecular thioether crosslinking
strategy can be used to increase the stability towards gastro-
intestinal enzymes.

[a] J. Lindgren, Prof. A. Eriksson Karlstrçm
KTH Royal Institute of Technology, School of Biotechnology
Division of Protein Technology, AlbaNova University Center
106 91 Stockholm (Sweden)
E-mail : amelie@biotech.kth.se

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2014, 15, 2132 – 2138 2132

CHEMBIOCHEM
FULL PAPERS



tion by solid phase peptide synthesis is feasible. Thio-
ether modification by chemical synthesis and orthog-
onal protection is straightforward and can be ach-
ieved by, for example, the introduction of appropri-
ately positioned thiol and haloacetyl groups.[26] Syn-
thetic strategies offer new possibilities (as yet, not
extensively explored) to engineer small, therapeutic
proteins with increased stability.

In this work we used a 46 aa albumin-binding
domain (ABD),[27, 28] derived from the third ABD from
streptococcal protein G (“G148-GA3”), as a model to
study the effect of intramolecular thioether bridges
on the stabilization of small, therapeutic proteins.
ABD binds with very high affinity to human serum
albumin (HSA) and has shown therapeutic relevance
by extending the half-lives of drugs.[29–31] The very
long in vivo circulation half-life is probably a result of
high-affinity binding to albumin, thereby resulting in
the formation of a tight complex in vivo.[30, 32] The
long circulation half-life, comparable to albumin
itself, is a strong indication of the very high serum
stability of ABD. However, as demonstrated here, the
protein is sensitive to degradation by gastrointestinal
proteases. Five crosslinked variants of ABD were syn-
thesized and evaluated for albumin binding, secon-
dary structure, and thermal stability. Stability in the
presence of the digestive enzymes pepsin and a trypsin/chy-
motrypsin combination was investigated; the most promising
variant was studied in detail and compared to an ABD refer-
ence protein.

Results

Peptide synthesis and intramolecular crosslinking

The ABD proteins were synthesized and functionalized with
chloroacetyl groups at selected lysine residues (Figure 1 and
Figure S1 in the Supporting Information). The ABD proteins
were designed such that each functionalized lysine residue
had a partner cysteine in close proximity when the protein is
folded in the expected three-helix bundle, based on the three-
dimensional structure solved for the G148-GA3 domain (PDB
ID: 1GJT).[33] The sites for crosslinking were selected based on
the NMR structure of this domain, and chosen to form links
from the N-terminal part of the protein to the loop region be-
tween helices two and three, and/or from the C-terminal part
of the protein to the loop region between helices one and
two. Based on the 3D structure, the chosen residues should be
well positioned for the tethering by simply adding a chloroace-
tyl group to the side chain of a lysine residue, thus allowing re-
action with the thiol of an introduced cysteine residue. The cal-
culated distances, based on the homologous domain, were in
relatively good agreement with the calculated linker lengths
(Ca of a lysine residue to Ca of cysteine linked by an acetyl
group: ~12 �). In the homologous ABD structure the Ca�Ca

distances between potentially crosslinked residues are 11.1 �
between residues 17 and 45 (linker 1), 7.8 � between residues

5 and 28 (linker 2), and 12.6 � between residues 1 and 29
(linker 3).

The crosslinking reaction was performed by dissolving the
protein in buffer, under conditions such that the thiol group of
the cysteine residue can make a nucleophilic attack on the a-
carbon of the chloroacetyl group, thus forming a thioether
bond. For three ABD proteins with one functionalized lysine
(ABD_CL1, ABD_CL2, and ABD_CL3; Figure 1 A) the crosslinking
reaction proved to be very efficient, without competing side
reactions. When using crude, unpurified ABD in the reaction,
the correct crosslinked product was obtained in relatively high
synthetic yield (10–17 %, based on the HPLC elution profile at
220 nm; Figure 2). The crosslinking of ABD_CL12 and ABD_
CL13 (two functionalized lysine residues) proved to be more
complex. The expected molecular weight of the double-cross-
linked protein was found in two separate HPLC fractions,
which were assayed separately and in later analyses showed
similar properties. No disulfide-linked dimers or intramolecular
disulfides were identified after the crosslinking reactions. The
purities of the crosslinked ABD variants were controlled by RP-
HPLC (Figure S2) analysis and were determined to be �95 %
for all variants except ABD_CL2 and ABD_CL3 (purity: 85 and
92 %, respectively).

Binding analysis

The HSA binding of the crosslinked versions of ABD and the
ABD reference protein was analyzed in real time by SPR-based
biosensor (ProteOn) experiments. The first screening experi-
ment (Figure 3) showed that ABD_CL2 and ABD_CL12 had no
affinity to HSA, whereas ABD_CL13 displayed weak binding.

Figure 1. Design of thioether-crosslinked proteins. A) The three helical regions, with the
crosslinking amino acids highlighted. B) Thioalkylation reaction between the side chain
of cysteine and the chloroacetylated side chain of lysine. C) The three-helix protein,
based on the NMR structure of a homologous domain (ref. [33]), with the three crosslink-
ing sites indicated by colored circles and solid lines.
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ABD_CL3 showed a slower on-rate than the reference protein
but a very slow off-rate, thus indicating high affinity. ABD_CL1
showed a fast on-rate and a two-phase dissociation curve: fast,
immediate dissociation, followed by much slower dissociation
after ~20 min.

The HSA binding of ABD_CL1 and the ABD reference protein
was studied in more detail, but, due to the extremely slow off-
rates of the ABD variants, it was not possible to use the Pro-
teOn XPR36 for determination of the exact kinetic parameters.
Thus, the calculated KD values (Table 1) can only be used for
comparison in this series of experiments. The biosensor experi-
ments were performed in triplicate and demonstrated that the
crosslinked version ABD_CL1 binds to HSA with very high affin-
ity (KD = 24 pm), which is comparable to the affinity of the ref-
erence protein ABD (KD = 21 pm).

Circular dichroism spectroscopy

Circular dichroism was used to
study the secondary structures
and melting points of the ABD
variants and reference protein.
The CD spectra of ABD_CL1 and
the ABD reference protein had
local minima at 208 and 221 nm,
characteristic of a predominantly
a-helical secondary structure
(Figure 4). The four other cross-
linked variants did not show
these characteristic spectra, thus
indicating that their a-helical sec-
ondary structures were partly or
completely lost (Figure S3).

Melting profiles were recorded
for all variants by using CD sig-
nals at 221 nm. The melting pro-
files of ABD_CL1 and the refer-

ence protein showed a clear transition, thus indicating cooper-
ative unfolding, characteristic of a well folded protein
(Figure 5). The Tm of ABD_CL1 (63 8C) was approximately 5 8C
higher (reference protein Tm 58 8C), thus indicating a more
stable protein (Table 2).

Proteolytic degradation

The first degradation screening experiments showed that
ABD_CL1 had increased stability towards both pepsin and
trypsin/chymotrypsin, compared to the reference protein (Fig-

Figure 3. SPR sensorgrams showing the binding of ABD (reference) and
crosslinked variants (50 nm) to HSA immobilized on a sensor chip.

Table 1. Kinetic parameters for binding to HSA.

ka [m�1 s�1] kd [s�1] KD [m]

ABD_CL1 (6.2�0.7) � 105 (1.5�0.1) � 10�5 24 � 10�12

ABD (1.9�0.5) � 105 (4.1�1.1) � 10�6 21 � 10�12

Figure 4. CD spectra of 50 mm ABD_CL1 (top) and ABD reference protein
(bottom) at 20 8C before (c) and after (a) variable temperature meas-
urements.

Figure 2. RP-HPLC analysis of the crude, synthetic protein ABD_CL1, with the ESI-MS analysis of the major peak
shown to the right of each chromatogram. The chromatograms show the absorbance at 220 nm for A) linear,
chloroacetylated ABD_CL1 before crosslinking, and B) the product formed after 3 h incubation in PBS pH 7.4, sup-
plemented with 10 mm EDTA. Theoretical molecular weights: 5045.02 Da (ABD_CL1-AcCl) and 5008.52 Da (ABD_
CL1).
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ures S4 and S5). None of the other variants showed improved
protease stability under the same conditions.

The protease stabilities of ABD_CL1 and the reference pro-
tein were further studied over time. The protease stability of
ABD_CL1 was dramatically improved compared to that of the
reference protein (Figure 6), especially with pepsin. Under the
conditions used, t1/2 for pepsin degradation was 23 min for

ABD_CL1 and 1 min for the reference protein; for trypsin/chy-
motrypsin t1/2 was 10 min for ABD_CL1 and 2 min for the refer-
ence protein. When comparing AUCs (areas under the curve) it
was seen that the total amount of intact, full-length protein
during 60 min exposure was at least 17 times (1714 %) higher
for ABD_CL1 than for the reference protein in the presence of
pepsin, and almost five times (482 %) higher for trypsin/chymo-
trypsin. Both trypsin and chymotrypsin are found in pancreatin,
and therefore usually act together in the degradation of pro-
teins in the small intestine; however, individual protease ex-
periments were performed with ABD_CL1 and the reference
protein: ABD_CL1 was more stable when exposed to either
trypsin or chymotrypsin alone (Figure S6).

Investigation of the major pepsin degradation products of
the reference protein by RP-HPLC and mass spectrometry
showed that the peptide bond between Leu42 and Ala43 is
rapidly cleaved, and that the C-terminal truncated protein was
the dominating fragment after three minutes. This 42 aa frag-
ment was then relatively quickly cleaved between Phe20 and
Tyr21, thus giving rise to two new fragments (20 and 22 aa).
When the reference protein was challenged with trypsin/chy-
motrypsin, the peptide bond between Tyr21 and Lys22 was
the most susceptible (in addition, several fragments were
detected for cleavage after arginine or lysine residues). These
degradation patterns were not unexpected as pepsin preferen-
tially cleaves at Phe, Tyr, Trp, and Leu in position P1 or P1’,
whereas chymotrypsin preferentially cleaves at Trp, Tyr, and
Phe in position P1, and trypsin preferentially cleaves at Arg or
Lys at position P1.

Discussion

Five thioether crosslinked ABD variants were synthesized. Cir-
cular dichroism analysis showed that only ABD_CL1 had a spec-
trum characteristic of an a-helical protein, but its helical con-
tent was slightly lower than for the ABD reference protein. The
ABD_CL1 thioether bridge is between Cys17 (in the loop con-
necting helices 1 and 2) and Lys45 (in the C terminus). In the
other variants a thioether bridge is between Cys1 or Lys5
(N terminus) and Cys28 or Lys29 (loop between helices 2 and
3; Figure 1). The NMR structure of the homologous, albumin-
binding G148–GA3 domain shows that the N terminus is part
of an a-helix ; this suggests that this region is important for
the correct folding of the three-helix structure and that side-
chain modifications in this part of the protein are not compati-
ble with folding.[33] In contrast, the C-terminal tripeptide (44–
46) was found to be unstructured in the same study; this
would explain the greater tolerance of side-chain modifications
in this region.

Variable temperature measurements showed that ABD_CL1
Tm was 5 8C higher than for the reference protein; the CD spec-
tra of ABD_CL1 were identical before and after heating to
90 8C. These experiments demonstrated that the intramolecular
thioether bridge was compatible with folding and that it in-
creased thermal stability.

Interestingly, the secondary-structure content of the proteins
did not fully correlate with affinity for binding to HSA, as deter-

Table 2. Summary of the properties of the ABD variants.

Protein Secondary Tm [8C] HSA Protease
structure binding stability

ABD + + + 58 + + + + +

ABD_CL1 + + + 63 + + + + + + +

ABD_CL2 – n.a. – –
ABD_CL3 + 42 + + –
ABD_CL12 – n.a. – –
ABD_CL13 – n.a. + –

n.a. : No defined transition point was observed.

Figure 6. Proteolytic degradation of 5 mg ABD_CL1 and ABD reference
protein by pepsin (0.5 mg mL�1) at pH 2.6, 37 8C (top), and by trypsin
(2.7 mg mL�1) with chymotrypsin (1.2 mg mL�1) at pH 7.4, 37 8C (bottom).

Figure 5. Thermal melting profiles of 50 mm ABD_CL1 and ABD reference
protein.
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mined by SPR biosensor analysis. ABD_CL3 (thioether bridge
between Cys1 and Lys29) showed high affinity to HSA despite
the low degree of helicity (CD analysis). The screening experi-
ment demonstrated a slower on-rate for ABD_CL3 compared
to the reference protein, thus suggesting that structural re-
arrangement is required for binding to HSA. Still, the slow off-
rate shows that ABD_CL3 is capable of binding HSA with high
affinity.

SPR-based binding kinetic analysis of ABD_CL1, which had
the highest thermal stability, showed very high affinity for HSA.
The dissociation curve showed a two-step behavior (one com-
ponent with a fast off-rate, and one with a slow off-rate), thus
suggesting that the analyte was heterogeneous and that there
are two types of binding interaction with the immobilized
ligand. It can be speculated that a fraction of the ABD_CL1
protein was not correctly folded and therefore bound with
lower affinity to HSA; this would be in agreement with the
lower helical content observed for ABD_CL1 compared to the
reference protein. When the kinetic parameters were calculat-
ed for the association and dissociation phases, the equilibrium
dissociation constants were found to be comparable for ABD_
CL1 and the reference protein (KD�20 pm).

Proteolytic screening was performed with pepsin or a combi-
nation of trypsin and chymotrypsin. ABD_CL1 was more resist-
ant to proteolytic degradation than the reference protein,
whereas all other crosslinked variants were rapidly degraded
under the same conditions. It is evident that correct folding of
the protein is crucial for protease stability. This is not surpris-
ing, as a random polypeptide chain or a partially folded pro-
tein exhibiting high conformational flexibility would be expect-
ed to be more susceptible to the action of proteases than
a compact, folded protein. It is clear that the introduction of
an intramolecular thioether bridge in a correctly folded protein
can give dramatically improved resistance to proteases. In this
study, the amount of intact, crosslinked ABD_CL1 protein was
17 times higher during 60 min of pepsin treatment, compared
to the reference protein.

The thioether crosslink between Cys17 and Lys45 in ABD_
CL1 clearly makes the major cleavage sites in the protein less
accessible to the investigated proteases. Pepsin cleavage be-
tween Leu42 and Ala43 (particularly efficient in the reference
protein) was almost completely suppressed in ABD_CL1. Fur-
thermore, the three investigated proteases showed efficient
cleavage at Phe20-Tyr21-Lys22-Arg23 (in helix 2) of the refer-
ence protein, but this was suppressed in ABD_CL1. The protec-
tion of these major degradation sites in ABD_CL1 can be ex-
plained by the presence of the intramolecular thioether bridge
close to the proteolytic sites; this is expected to sterically
impede access of the proteases to the sensitive sites in the
peptide backbone. However, it must be emphasized that the
folded structure also seems to be crucial for increased proteo-
lytic stability, as ABD_CL12 and ABD_CL13, which have both
the Cys17–Lys45 thioether bridge and a second thioether
bridge associated with loss of helical content, completely lost
stability to the proteases.

Substitution of amino acid sequences susceptible to proteo-
lytic cleavage is, in principle, a strategy to prevent the degra-

dation. However, for the ABD protein, the region with the sen-
sitive sequence (Phe20-Tyr21-Lys22-Arg23, including the major
proteolytic sites for the investigated enzymes) is important for
binding to HSA and could thus not be substituted without
affecting the function of the protein. In an alanine scan of the
interaction between a homologous ABD protein and HSA, the
substitution of any of the five residues at positions 20–24 re-
sulted in reduced affinity for HSA; the most dramatic decrease
(86-fold increase of KD) was found for the substitution of Tyr21
with Ala.[34] Thioether crosslinking could be a more generally
applicable strategy for increasing proteolytic stability, as the
protective effect seems to extend to sites outside the peptide
bonds of the amino acids directly involved in the crosslinking
reaction. It could also be expected to confer resistance to
other proteases.

The chemoselective reaction used to produce the thioether
bridges in this study relies on thioalkylation between a cysteine
residue and a chloracetyl group coupled to the side chain of
a lysine reside. With this strategy, the crosslinker length can
easily be adjusted, for example, by using ornithine or diamino-
butyric acid instead of lysine. The thioalkylation reaction is
highly efficient (high yield with no detectable side reaction).
The thioether bond is expected to be more stable than a di-
sulfide bond to reducing conditions and modification by thiol,
and could therefore be a better option for the stabilization of
therapeutic proteins. For small proteins like the albumin-bind-
ing domain investigated in this study, introduction of the thio-
ether bridge is straightforward; total chemical synthesis would
be significantly more demanding for larger proteins. To explore
the possibility of using thioether crosslinking with recombi-
nantly produced proteins, an ABD variant was synthesized
with two cysteine residues (positions 17 and 45) and reacted
with a dibromide crosslinker (Figure S7). The protein cross-
linked by this approach displayed high binding affinity to HSA
(Figure S8) and CD spectra typical for a-helical proteins, albeit
with lower thermal stability than the ABD reference protein
(Figure S9). When the crosslinked protein was tested with pro-
teases, it was found to have higher resistance to pepsin than
the reference protein, but the difference was not as dramatic
as for ABD_CL1 (Figure S10). The proteolytic stability towards
trypsin/chymotrypsin was only marginally better than for the
reference protein. It can be concluded that although the cross-
linked Cys17–Cys45 variant has an intramolecular bridge at the
same position as for ABD_CL1, the crosslink is not sufficient to
give the same degree of resistance to proteases; minor differ-
ences in the structure of the linker appear to be important.
However, the observed increase in proteolytic stability still sug-
gests that the concept could also be feasible for the stabiliza-
tion of recombinantly produced proteins.

The ABD protein investigated in this study has clinical rele-
vance as it could be used as fusion partner to increase the
half-life of therapeutic peptides and proteins (by association
with albumin). Although the most proteolytically stable variant
requires chemical synthesis, this does not preclude its use as
protein fusion partner, as the synthetic protein can easily be li-
gated to other peptides or proteins (recombinant or synthetic)
by such methods as native chemical ligation (NCL, reviewed in
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ref. [35]), expressed protein ligation (EPL, ref. [36]), or sortase A-
mediated enzymatic protein ligation.[37, 38] Importantly, the ABD
protein can be considered a model of a small, therapeutic pro-
tein that in itself could have a pharmacological effect. As pas-
sage across the intestinal membrane and oral uptake have
been demonstrated for certain classes of small, conformation-
ally constrained proteins,[39] the application of chemical cross-
linking to other small proteins of therapeutic relevance could
be a general strategy for increasing the bioavailability of these
protein drugs.

Conclusion

This study shows that intramolecular crosslinking by site-spe-
cific introduction of a thioether bridge in an albumin-binding
protein domain can be used to increase proteolytic stability
towards the major intestinal proteases: pepsin, trypsin, and
chymotrypsin. In addition to its superior proteolytic stability,
the ABD_CL1 variant showed high thermal stability and re-
tained high affinity for binding to HSA. Engineering by chemi-
cal modifications is proposed as a general strategy for the de-
velopment of small, therapeutic proteins better suited for oral
administration.

Experimental Section

Intramolecular crosslinking: Crude synthetic peptide (ABD_CL1,
ABD_CL2, ABD_CL3, ABD_CL12 or ABD_CL13) produced by using
standard solid-phase peptide synthesis (see the Supporting Infor-
mation) was dissolved (2 mg mL�1) in standard PBS (10 mm PO4

3�,
137 mm NaCl, and 2.7 mm KCl; pH 7.4) supplemented with ethyl-
enediaminetetraacetic acid (10 mm, EDTA; Merck), and the reaction
was allowed to proceed for 3 h or overnight (~18 h). For small-
scale (~2 mg) crosslinking reactions, the reaction mixture was dilut-
ed (1:1) in TFA (0.2 %)/CH3CN (40 %) and purified by RP-HPLC. For
large-scale reactions (10–20 mg), the buffer was exchanged to am-
monium acetate (25 mm, pH 6) on PD-10 columns (GE Healthcare) ;
the product was lyophilized, dissolved in TFA (0.1 %)/CH3CN (20 %),
and purified by semipreparative RP-HPLC (Zorbax 300SB C18
column, 9.4 � 250 mm, 5 mm particle size; Agilent Technologies) on
a 1200 series instrument (Agilent Technologies), and analyzed by
LC-ESI-MS.

Circular dichroism spectroscopy: The proteins were dissolved
(50 mm, ~0.25 mg mL�1) in standard PBS (10 mm PO4

3�, 137 mm

NaCl, and 2.7 mm KCl; pH 7.4), and CD spectra and melting curves
were recorded on a J-810 spectropolarimeter (path length 1 mm,
250–195 nm, 20 8C; Jasco), both before and after heating the
sample to 90 8C. To determine Tm, circular dichroism (221 nm) was
recorded while gradually increasing the temperature from 20 to
90 8C.

SPR biosensor analysis: The biosensor binding analyses were per-
formed on a ProteOn XPR36 instrument (Bio-Rad, Hercules, CA) at
25 8C with PBST running buffer (NaCl (150 mm), Na2HPO4 (8 mm),
NaH2PO4 (2 mm), Tween20 (0.005 %), pH 7.4) at a flow rate of
50 mL min�1. Injection of HCl (30 mL, 20 mm; 100 mL min�1) was
used for chip regeneration. In screening experiments for binding
to HSA, ABD variants were diluted (50 nm) in running buffer and
injected over the chip surface (2500 RU immobilized HSA). The as-
sociation was studied for 300 s, and the dissociation was followed

for 7200 s (2 h). For data analysis all samples were double refer-
enced: the signal from a blank surface was first subtracted from
the sample signal, then the signal from an injection of PBST (run-
ning buffer) over the HSA surface was subtracted.

The kinetics for the binding of ABD_CL1 and the ABD reference
protein to HSA were studied by using a sensor chip with HSA im-
mobilized on three different surfaces (1100–1600 RU). The proteins
were diluted in running buffer (0.8, 1.6, 3.3, and 6.6 nm for ABD_
CL1; 1.0, 2.0, 4.0, and 8.0 nm for reference ABD) and injected over
the three surfaces, thus giving binding curves in triplicate. The
association time was 300 s, and dissociation was followed for
36 000 s (10 h).

The kinetic parameters for the binding were obtained by fitting
the sensorgrams to a 1:1 Langmuir binding model in ProteOn Man-
ager software (version 3.1.0.6; Bio-Rad) to obtain the average asso-
ciation rate constant (ka [m�1 s�1]), dissociation rate constant (kd

[s�1]), and standard deviation; from this the dissociation equilibri-
um constant (KD [m]) was calculated (KD = kd/ka).

Digestion assay: Proteolytic degradation of ABD and variants was
studied for pepsin (3200–4500 U mg�1, from porcine gastric
mucosa; Sigma–Aldrich) and a mixture of trypsin (�37 U mg�1,
from bovine pancreas; Sigma–Aldrich) and chymotrypsin (�
40 U mg�1; from bovine pancreas, Sigma–Aldrich) with ABD protein
(5 mg, 0.25 mg mL�1 (50 mm) in PBS (pH 7.4); see details below).

For challenging ABD protein with pepsin: ABD protein (5 mg) was
transferred to a microcentrifuge tube. Pepsin in HCl (10 mm, 32 mL)
was added, thus resulting in ~pH 2.6 and a final pepsin concentra-
tion of 2 mg mL�1 for screening and 0.5 mg mL�1 for studying the
degradation over time. In the screening experiment the samples
were incubated for 10 min at 37 8C before enzyme inactivation by
addition of NaOH (5 mL, 0.1 m, thus raising to >pH 9), and placing
the sample on ice. A reference sample of each protein was inacti-
vated with NaOH before pepsin was added to the tube. The degra-
dation over time was monitored for ABD_CL1 and the ABD refer-
ence protein by incubation for 3, 6, 12, 30, or 60 min at 37 8C
before inactivation with NaOH (or inactivated with NaOH before
pepsin was added).

For challenging ABD protein with trypsin and chymotrypsin:
ABD protein (5 mg) was transferred to a microcentrifuge tube. Tryp-
sin and chymotrypsin in PBS pH 7.4 (32 mL) were added (final :
2.7 mg mL�1 trypsin, 1.2 mg mL�1 chymotrypsin). In the screening ex-
periment the samples were incubated for 10 min at 37 8C before
enzyme inactivation by addition of TFA (3 mL, 10 %) and placing
the sample on ice. A reference sample of each protein was inacti-
vated with TFA before trypsin and chymotrypsin were added. Deg-
radation over time was monitored for ABD_CL1 and the ABD refer-
ence protein by incubation for 3, 6, 12, 30, or 60 min at 37 8C
before inactivation with TFA (or inactivated with TFA before trypsin
and chymotrypsin were added).

Control experiments (ABD_CL1 or reference protein incubated with
trypsin or chymotrypsin) were performed as described for the
chymotrypsin/trypsin combination, but with only trypsin or chymo-
trypsin (final : 2.7 or 1.2 mg mL�1, respectively), and for 0, 3, or
12 min.

All samples were analyzed by RP-HPLC on an analytical Zorbax
300SB C18 column (gradient: 15–45 % B; A: aqueous TFA (0.1 %); B:
TFA (0.1 %) in CH3CN) over 25 min at 1.2 mL min�1 by LC-ESI-MS on
a 6520 Accurate Mass Q-TOF LC/MS instrument (Agilent Technolo-
gies).
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Elution peaks for intact ABD protein were integrated, and AUC was
calculated. The degradation experiments over time were per-
formed in triplicate (trypsin and chymotrypsin controls in dupli-
cate). The integrated area for each sample was normalized to the
mean area of the t = 0 samples for that variant; mean and standard
error of the mean were calculated for each time point. For the con-
trol experiments, two replicates and the mean were plotted.

To quantify the stability improvement of the crosslinked variants,
the AUC from the normalized charts were calculated for the three
investigated variants and compared to the AUC of the reference
ABD protein. The half-life (t1/2) for ABD_CL1 and the ABD reference
protein was calculated by fitting the data to a nonlinear one-phase
decay in Prism 5 software (GraphPad, La Jolla, CA).
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